The surface flux emissions for volatile organic compounds (VOC's) (alcohols and aromatic species), priority carbonyls and greenhouse gases, were measured in three different final disposal sites for urban solid waste located in the metropolitan area of Costa Rica, between July and October 2014. The emissions fluxes were determined using the static sampling chamber technique coupled to two different adsorption tubes: active charcoal (Supelco, ORBO 32) to capture BTEX and alcohols; and 2,4-DNPH coated silica gel (SKC, 226-119) for carbonyls. As for the VOCs, the BTEX, Alcohols, and Carbonyls total fluxes were in the range of 3 to 258, 1 to 318 and 0.4 to 8.5 mg/(m 2 día), respectively. The magnitudes per site were in the following order La Carpio > El Huaso > Rio Azul. Ethanol and BTEX presented a high correlation in all the cases because possibly they are sharing the same sources or formation mechanisms. The emission fluxes spatial distributions among the sites were very variable and dependent on the location of the active cells and their age. Only La Carpio showed a more homogeneous distribution due to its middle age.
Introduction
In Costa Rica, according to the statistics reported by the Health Secretary, daily about tional levels, MSW collection is a permanent activity where there is a continuing tendency to use landfills and dumps for final waste disposal and treatment. The operative costs are around $40/ton, which is higher than Mexico ($11 -12/ton), Colombia ($ 8/ton) and Chile ($ 13 -22/ton). Despite that, the MSW generation rates per year increased leading to a negative consequence related to the useful life reduction of the disposal sites [2] .
According to the national greenhouse gases emissions inventory [3] , during 2012, 70.20 Gg of methane were released from solid wastes treated in landfills of which only 16.44 Gg were recovered. Given this scenario, the development of GHG mitigation strategies in the solid waste sector is of great importance, since in the past GHG inventory this category accounted for 4.4% of the total emissions, which exceeds the world average of 3.6% [4] .
Landfills generate gaseous emissions as a result of anaerobic degradation of organic waste, which contains approximately 55% -60% methane, 40% -45% carbon dioxide and numerous traces of volatile organic compounds (VOCs) [5] [6] .
The composition of the gas produced in landfills, as well as their generation rate, depends both on the characteristics of solid wastes as well as on various environmental factors, among which we can mention the presence of oxygen in the landfill, temperature, and content of moisture [7] . The anaerobic biodegradation of the organic matter contained in the solid waste includes three successive stages: acidogenesis, acetogenesis and methanogenesis to which is added a residue stabilization phase [8] . During the first two stages, the hydrocarbon matrices contained in the organic residue decompose generating the formation of monomers and the fermentation of alcohols which produce volatile fatty acids and esters. The continuation of this reaction leads to the formation of acetic acid, hydrogen and carbon dioxide. These compounds are then consumed in methane production in the methanogenesis phase [9] [10] . The main families of VOCs emitted are alcohols, aldehydes and ketones, chlorinated hydrocarbons, terpenes, aromatic compounds, alkanes and alkenes. This formation or production of VOCs results from associated or competitive side reactions, i.e. the monomerization of polymers in organic matter, the reorganization of organic matter during humification or from the separation of compounds initially present in the residue [11] .
The gases generated as a product of the waste decomposition expands and accumulates internally leading to an increase in volume and pressure. Since the pressure inside the landfill is higher than the atmospheric pressure, natural convection tends to be the main mechanism governing the rate of gas emissions in landfills [12] .
Several methodologies have been developed to determine the surface flux emis-Open Journal of Air Pollution sions generated in landfills, which use both direct and indirect methods of measurement applied continuously or discretely [13] .
The direct flux measurement system is based on the static chamber allowing only one time measurements. In this technique, a chamber is used to enclose a small surface area at a defined sampling site, while a controlled sweeping zero air flow is introduced at a rate which exceeds the gas release rate from the covered surface. This sweeping zero air mixes with the landfill gases coming from the surface and transports these gases through an outlet port, which is connected directly to automatic analyzers or adsorption tubes for the gases of interest [14] .
In the present work, the fugitive emission fluxes of VOCs, methane and carbon dioxide generated in three waste disposal final sites located in the Metropolitan Area of Costa Rica were measured in order to analyze their temporal and spatial variability.
Experimental

Sampling Sites Description
The study took place in three urban solid waste disposal sites located in the met- 
Sampling Flux Devices
The sampling devices consisted of plastic flux chambers adapted to sample each group of target compounds. For methane sampling, a static chamber was built using a 30 L plastic cylindrical recipient provided with an internal fan (for homogeneous mixing), a temperature sensor and a sampling port located in the middle of the body structure. A glass syringe was used to take 12 ml samples and store them in 10 ml vacutainer glass tubes, at 0, 5, 10 and 15 minutes. The collected tubes for each sampling point were placed in a sealed plastic bag and kept in a cold box with ice until its arrival to the laboratory, and moved to a fridge at 4˚C before the analysis.
For the carbon dioxide flux measurement a similar chamber was used, but having two sampling ports connected to a closed recirculation system through an infrared sensor made by Li-COR (LI-7200). This set-up allowed real-time measurements of carbon dioxide at 10 Hz, during 15 to 30 minutes, depending on the flux magnitude to avoid sensor saturation.
For the VOCs fluxes, a different chamber setup was used. The system consisted of a 30 L chamber with two ports: the first one located on the lower side and attached to an air scrubbing system to inject a zero carrier gas through the chamber.
The second one was on the upper part connected to a sampling media and a portable vacuum pump (Sensidyne). This system was used for two different sampling tubes: one with active charcoal (Supelco, ORBO 32) to capture BTEX and alcohols; and the second having 2,4-DNPH coated silica gel (SKC, 226-119) for carbonyls sampling. The tubes were wrapped in aluminum foil to protect them from the sunlight during and after the sampling. The pump flow rate was 0.5 liters per minute, which also was about the same for the fresh air injection, during 1 to 3 hours. The collected sorption tubes were transported at 4˚C to the laboratory and moved to the fridge before the analysis.
Laboratory Analysis
For the methane analysis, each lot of four tubes were analyzed in an Agilent 7890A gas chromatograph using a flame ionization detector. The analysis conditions were: injection volume 300 μl, splitless inlet temperature 200˚C, detector temperature 300˚C, helium carrier gas flow 12 ml•min ), is calculated as in Equation (1):
where P is pressure, V is chamber volume, M is the molar mass of methane (16 g/mol), A is the surface area covered by the chamber, T is chamber temperature (kelvin), and R is the gas constant [14] .
The activated charcoal tubes were broken to remove and divide the sampling media (front and back side). Each part was extracted in 2 ml of carbon disulfide and analyzed for BTEX and alcohols using an Agilent 7890A gas chromatograph with a flame ionization detector. A HP-WAX tercapillary column was used with different analysis conditions, according to NIOSH methods 1400 and 1600.
The carbonyls tubes were also opened and the 2,4-DNPH coated silica divided into front and back portions. They were extracted in 3 ml of acetonitrile (HPLC grade) and analyzed by liquid chromatography (ICS-3000) and ultraviolet-visible detection. The analysis conditions were the same described by method USEPA TO-11A.
Finally, the VOCs emissions rates were calculated using the species concentrations (C), chamber volume (V), surface area (A), and sampling time, according to Equation (2) .
Quality Controls
The laboratory analysis methods were validated according to the guidelines established by EUROCHEM (2014) [15] . An estimated detection limit for the flux measurements was calculated for each parameter, as it is presented in Table 1 .
For the sampling campaigns, a field blank was prepared for each day to check for possible external contamination during the transportation or the storage. The blank was tested with no significant contamination found for any carbonyl and VOC.
The performance of the entire analytical system was checked by means of analyzing duplicates and tubes with known concentrations. Concentrations measured in duplicate samples were in good agreement, with a relative standard deviation of less than 15%.
The validity of the sampling was checked by comparing the mass of analyte quantified in front and the back side of the capture tube. If the front/back ratio was below ten the sample was discarded and repeated. From the results, the greenhouse gases surface fluxes were the highest of all followed by BTEX, alcohols, and carbonyls. Which is expected behavior when Open Journal of Air Pollution solid wastes are buried, due to the anaerobic conditions that generate, mostly, methane and carbon dioxide in some extent. The magnitude of the VOCs emissions depends on the soil gas permeation, cell conformation, lixiviates residence time and waste depth [16] .
Results
Surface Flux Emissions
From Figure 2 , methane fluxes showed higher data dispersion for El Huaso, followed by Rio Azul and La Carpio. These results are explained due to important flux differences in the spatial surface distribution which is very specific of the dynamics presented on each sampling site. The methane flux magnitude was found to be El Huaso > La Carpio > Rio Azul, despite the fact La Carpio should have the conditions for higher fluxes due to his age and waste input. However, this landfill is the only one that has a biogas extracting tubing network provided with a central unit that generates a vacuum in the whole system. This design probably causes causing less methane loss through the soil layers which results in lower fluxes compared to El Huaso. In the latter, also exist a tubing network for biogas extraction, but there is no centralized unit to collect and burn the gas. Instead, each major biogas extraction well has a natural draft burner manually ignited each time the flame extinguishes. This nonpressurized system could allow more surface flux of methane to the atmosphere because the biogas is not forced to go through the pipes. As for Rio Azul, this presented the lowest average value since it is an old, already closed, waste disposal site with no geomembrane or inner biogas extraction tubing. It is very likely that most of the carbon stock is already depleted, at least the fast degradable fraction. Figure 3 shows the fluxes comparison for carbon dioxide in the same three sites. Similarly, as for methane, the emissions were higher for El Huaso, followed by La Carpio and Rio Azul. The main difference with the methane results is a higher data dispersion in all the sites, especially in La Carpio, which points out a greater spatial variability.
As for the VOCs, the BTEX, alcohols, and carbonyls total fluxes were in the range of 3 to 258, 1 to 318 and 0.4 to 8.5 mg/(m 2 d), respectively. The magnitudes per site are in the following order La Carpio > El Huaso > Rio Azul. These VOCs comes from the solid waste composition and decomposition processes where the soluble ones tend to go with the landfill leachate. Most of them are intermediaries to the methane and carbon dioxide formation [17] . La Carpio is the landfill that Open Journal of Air Pollution receives the highest solid waste input per day and moves more cubic meters of soil than any other. This could explain why La Carpio has the greater VOCs soil emissions; also the solid waste composition could play a vital role, but this was unknown for the moment of this project. However, major composition differences are not expected between La Carpio and El Huaso since both receive urban solid wastes from the same metropolitan area of Costa Rica. Rio Azul presented the lowest VOCs flux mainly due it is closed many years ago, so most of the organic matter is decomposed. El Huaso and Rio Azul showed fluxes in the following magnitude order per group: BTEX > Alcohols > Carbonyls, unlike La Carpio where the order is: Alcohols > BTEX > Carbonyls. In the BTEX group, the highest flux was for ethylbenzene found in La Carpio and El Huaso. For alcohols, thanol was the most important for both active landfills emissions, and this is related to the fact of being a by-product of the acidogenesis stage during the anaerobic biodegradation of the buried solid wastes [18] . In the case of carbonyls fluxes, acetone and acetaldehyde were the greatest among all. Both can be formed in significant quantities during the organic matter decomposition processes. However, they also can be present in industrial and domestic wastes because of the use of several chemical products and solvents containing these compounds. For example, acetaldehyde is often employed in the food industry as an additive, and also produced from natural sources as fruits and alcohol fermentation [19] .
The benzene/toluene ratios for the emission fluxes were calculated for the sam- A Spearman correlation analysis was performed with the results of each site to determine any meaningful relationships between the analyzed parameters. Figures 4-6 shows the correlation matrixes as heat maps with the significative coefficients p < 0.05) indicated without a cross. A strong correlation (>0.75) was found between the components of each VOCs group since they belong to the same compound family that probably shares a common origin. Medium coefficients were observed (around 0.5) between ethanol and BTEX, which suggest their relationship during the biodegradation or disposal of the solid wastes. This behavior was observed for all the sampling sites.
Temporal Variations
The results obtained on each campaign were compared for each location to establish any difference due the time of the year and the hour when the measurements took place. In the first campaign, the sampling activities were done during early hours of the day (7 to 9 am) and for the second after noon (12 to 2 pm).
The Mann-Whitney U test was applied to each group of parameters with an α = 0.05. The results of the statistical test show no significative differences between Open Journal of Air Pollution 
Spatial Distribution
For a better data spatial visualization and analysis, an interpolation map was made for methane fluxes on each sampling site. The inverse distance weighting (IDW) was the interpolation method selected because of its simplicity and fewer data assumptions to take into account. 
